The carbon emissions from coal-fired power have become an increasing concern to governments around the world. In this paper, a carbon emissions allowances allocation based on the equilibrium strategy is proposed to mitigate coal-fired power generation carbon emissions, in which the authority is the lead decision maker and the coal-fired power plants are the follower decision makers, and an interactive solution approach is designed to achieve equilibrium. A real-world case study is then given to demonstrate the practicality and efficiency of this methodology. Sensitivity analyses under different constraint violation risk levels are also conducted to give authorities some insights into equilibrium strategies for different stakeholders and to identify the necessary tradeoffs between economic development and carbon emissions mitigation. It was found that the proposed method was able to mitigate coal-fired power generation carbon emissions significantly and encourage coal-fired power plants to improve their emissions performance.
Introduction
Because of their major contribution to global climate change, there has been increased research to determine the best ways to reduce carbon emissions, which have been exponentially increasing due to the increased demand for energy [1] [2] [3] . Although renewable energy systems are more environmentally friendly than traditional energy systems, two thirds of the world's electricity is still generated using fossil fuel-based generation plants [4, 5] ; that is, coal, gas and oil-fired thermal power remain the main sources for electricity generation, especially in developing countries (e.g., China and India) [6, 7] . Approximately 20% of the global electricity produced in 2016 was supplied by coal-fired power plants (CPP), with some developing countries having an even higher proportion [8] ; for example, coal-fired power plants supply more that 65% of China's needs [9] . Therefore, for sustainable social development, it is necessary to mitigate or control CPPs' carbon emissions.
Research has shown that "hard-path" and "soft-path" approaches can be taken to mitigate carbon emissions [10, 11] . "Hard-path" methods mainly focus on advanced clean coal technologies (CCT) such as integrated gasification combined cycles (IGCC), carbon capture and storage (CCS), ultra-supercritical technology (USC) and externally-fired combined cycle (EFCC) technologies [12] [13] [14] . For example, Hoya and Fushimi evaluated the performance of advanced IGCC power generation systems with low-temperature gasifiers and gas cleaning and found that the lowest net thermal efficiency rose to 57.2% and the minimum carbon emission factors fell to 39.7 kg-CO 2 MWh [15] . Kayal and Compared with previous studies, the equilibrium strategy established in this study, which integrates a bi-level multi-objective programming model, a carbon emissions allowance allocation method and uncertainty theory, has the ability to address the equilibrium between the authority and the CPPs, the conflict between economic development and environmental protection and the uncertainties simultaneously. The remainder of this paper is organized as follows. Section 2 discusses the features of the CEAA problem in preparation for establishing the mathematical model. In Section 3, a bi-level multi-objective mathematical model is built based on a real situation, after which in Section 4, a case study is given to demonstrate the practicality and effectiveness of the proposed methodology. Section 5 gives a detailed results analysis and in-depth discussion, and conclusions and future research are given in Section 6.
Key Problem Statement
With a carbon emissions allowance allocation and a cap and tax mechanism, the CEAA problem is complex for both the authority and the CPPs.
As a public representative, the authority must ensure stable local economic development and mitigate the associated carbon emissions. However, the authority also has the power to develop the policies that must be implemented by the CPP if they wish to keep their power generation rights. However, the authority has an obligation to consider the actual CPP situation when making decisions to avoid non-sustainable CPP development or a cessation of operations, which could be harmful to stable economic development. Therefore, the authority divides the total carbon emissions into free emissions, which allow the CPP to meet its production and operation commitments and ensures fairness, and taxable emissions, which supplement the free emissions and can be used to regulate the market. Therefore, the authority pursues a balance between financial benefits and carbon emissions reduction by satisfying the CPPs' basic rights and meeting the regional electricity needs. According to the rational person hypothesis, the primary goal of the CPPs is to maximize profits while also considering emissions performance, boiler conditions, social responsibility and the component coal that can be purchased on the market. Therefore, as higher carbon emissions allowances mean higher production and higher profits, each CPP seeks to obtain as high a carbon emissions allowance as possible. However, as the authority seeks to mitigate carbon emissions, the CPPs that have better emissions performance are more competitive. Therefore, CPPs are allocated higher emissions quotas if they put some effort into improving the CPP emissions performance. This relationship between the authority and the CPPs for the CEAA problem is shown graphically in Figure 1 .
Model Development
In this section, a bi-level optimization model for the CEAA problem in the coal-fired power industry is built.
Assumptions
The various assumptions involved in this paper are as follows:
The CEAA problem is a single production period decision; at the beginning of the next production period, the decision process is reset.
2.
All decision makers are rational and seek to maximize returns under limited resources.
Authoritative Carbon Emissions Allowance Allocations
The complete carbon emissions allowances allocation problem involves authority allocation decisions and CPP coal purchase decisions. Therefore, in this study, the CEAA based on the cap and tax system has two levels (i.e., the authority and the CPPs), the details of which are discussed in the following (the required symbol descriptions are given in Table 1 ). Index for coal quality, k ∈ Ω = {1, 2, ..., K}.
Crisp parameters Description
µ Taxes that the corporation should pay for each unit of power generation. γ Carbon tax price of the exceeding part when exceeding the allocated free carbon emissions allowances.
CE c
The cap of carbon emissions allowances.
CE f
The allocated free carbon emissions allowances.
CE t
The allocated taxable carbon emissions allowances. CEA min i
The minimum carbon emissions allowances demand of CPP i. CEA max i
The maximum carbon emissions allowances demand of CPP i. D Amount of power needed to maintain regional development. p Price of a unit of electric power.
CT jk
Operation cost of pollutant-control measures for reducing pollutant k in CPP i. η ik Removal rate of air pollutant k in the CPP i by taking pollutant-control measures.
ED i
Amount of power that CPP i has the responsibility to produce to meet the basic demand in the region. Q u ij Amount of component coal j that can be procured by CPP i.
Uncertain parameters Description

T i
Carbon-power conversion coefficient of a unit of carbon emissions allowances for CPP i.
T ij
Coal-power conversion coefficient of component coal j at CPP i. C j Procurement cost of component coal j.
CEF ij
Carbon emission factor of component coal j to carbon at CPP i.
EF jk
Emission factor of component coal j to air pollutant k.
LCQ ik
Lower bounds of coal quality k for meeting the operation allowance of the i-th CPP.
CQ jk
Coal quality k of component coal j.
UCQ ik
Upper bounds of coal quality k for meeting the operation allowance of the i-th CPP.
Decision variables Description
X i
Free carbon emissions allowances allocated to CPP i, which are determined by the authority.
Y i
Taxable carbon emissions allowance for CPP i allocated by the authority.
Z ij
Amount of component coal j burned by CPP i. Policy control parameters Description θ Minimal allowance satisfactory degree chosen by the authority. α
The free carbon emission level, which is determined by the authority. β Attitude of the authority towards the historical data. λ Attitude of the authority towards carbon emissions reduction.
Pursuing Possible Financial Benefits
While protecting the environment, the authority is also responsible for using taxpayer receipts to ensure steady local economic and social development. The goal is to develop an optimal carbon emissions allowance allocation scheme that returns the maximum revenue from both the value added tax (VAT) and the carbon tax.
Let T ij denote the coal-power conversion coefficient of component coal j at CPP i. Even though the uncertain parameters T ij are very difficult to determine exactly due to many objective factors such as coal quality, based on historical data, the value can be estimated within a certain range; therefore, this type of uncertain situation is considered fuzzy and is described using trapezoidal fuzzy numbers, which are written as [32] [33] [34] . As the fuzzy parameters cannot be directly calculated, the expected value operator method is employed to transform the trapezoidal fuzzy number into its corresponding expected value [35] ; therefore, the corresponding expected value for conversion parameters T ij is calculated, where
The revenue function for the authority is formulated as follows:
where FB is the potential financial benefits function from the CPPs of the authority.
Minimizing Total Carbon Emissions Allowance
As electricity demand is growing because of global economic development, more coal-fired power will be required to meet demand. However, as the carbon emissions produced from the CPP can cause irreversible climate change effects [36] , the authority has an important responsibility to protect the environment while at the same time ensuring steady local development. As the total carbon emissions in the region are equal to the carbon emissions allowances cap, the total carbon emissions function can be written as follows:
where TC is the total carbon emissions function from the CPPs.
Maximizing Allocation Free Carbon Allowance Satisfaction
Previous research has found that fairness is a critical factor for sustainable development [37] . Therefore, in this allowance allocation problem, a satisfactory degree method is proposed to measure the fairness [25, 38] . The higher the free carbon emissions allowances granted to a CPP, the higher the satisfactory degree; therefore, the authority defines the allocation satisfaction function for each CPP as follows:
where SD i is the allocation degree of satisfaction for CPP i in this study.
To ensure the sustainable development of the region and allocation fairness for each CPP, an objective function is used to maximize the minimal allocation satisfaction, as shown in Equation (4) .
where SD is the minimal carbon emissions allowance allocation satisfaction for each CPP.
Allocation Constraints
A carbon emissions allowances cap (i.e., CE c ) is determined as part of the allocated free allowances (i.e., CE f ) and taxable allowances (i.e., CE t ), as shown in Equation (5).
The free carbon emissions allowances depend on the level of free carbon emissions determined by the authority; therefore, the corresponding free and taxable emissions allowances are allocated to each CPP, as shown in Equations (6)- (8).
Demand Constraints
To protect taxpayer rights, while the authority cannot allocate carbon emissions allowances the CPP is unable to carry, they have an obligation to ensure the CPP's basic rights (i.e., a minimum carbon emissions allowance that maintains the basic CPP operations), as can be seen in Equation (9).
Power Supply Constraints
The authority has an obligation to guarantee an adequate supply of electricity. Based on historical data, total electricity production is
However, there may be some errors if only historical data are used. As electricity supply is essential for economic and social development, insufficient power supplies could cause economic decline and social panic. In addition, due to the inherent complexity and external uncertainty of power generation and fluctuating demand, electricity production needs to be estimated as accurately as possible. Therefore, the actual predicted electricity production is
, and the two parts are then combined using a harmonic parameter.
Therefore, this constraint is as shown in Equation (10) .
where β is the attitude of the authority towards the historical data, which allows the authority to comprehensively consider both the historical data and the forecast values.
CPP Coal Purchase Scheme
Economic Profits
Each CPP seeks the largest possible profit under the restrictions of the carbon emissions allowances allocation. CPP profits are income from electricity sales revenue minus the sales tax and component coal procurement, pollution treatment and the carbon emissions allowance tax. Therefore, the profits function for each CPP is formulated as follows:
where EP i is the potential economic profits function of each CPP; E[ T ij ] is the expected value of T ij ; E[ C j ] is the expected value of C j ; E[ EF jk ] is the expected value of EF jk .
Carbon Emissions Allowance Constraints
The total carbon emissions at each CPP must not exceed the free (i.e., X i ) and taxed (i.e., Y i ) carbon emissions quotas allocated by the authority, otherwise the CPP is severely punished or even deprived of its power generation rights. Therefore, the constraints are expressed as in Equation (12).
where E[ CEF ij ] is the expected value of CEF ij .
Coal Quality Requirement
For the CPPs, the five properties (i.e., volatile matter content, heat rate, ash content, moisture content and sulfur content) of burning coal need to meet the boiler requirements [39, 40] . Therefore, these properties are limited within a special range using a coal blending method to ensure normal boiler operations, as shown in Equation (13):
where k = 1 denotes volatile matter content, w = 2 denotes heat rate, w = 3 denotes ash content, w = 4 denotes moisture content and w = 5 denotes sulfur content.
Social Responsibility Limitation
Modern enterprises not only consider profits, but also have necessary social responsibilities. As electricity is essential to social and economic development, the supply of basic electricity is the most basic social responsibility for each CPP. Therefore, this constraint ensures an electricity supply-demand balance, as seen in Equation (14) .
3.3.5. Component Coal Purchase Quantity Limitations
There is a limit to each component coal that can be purchased by the CPP, which is affected by the coal production and coal consumption in other industries. There are also nonnegative constraints on the decision variable Z ij as the component coal burned by the CPP cannot be nonnegative. By combining these two parts, this constraint is expressed as follows:
Global Model
By integrating Equations (1)- (15), the global optimization model for the carbon emissions allowance allocation based on the cap and tax mechanism is built, as shown in Equation (16) . There is interaction between the authority and the CPPs as the authority's decisions affect the CPPs' decisions. The authority seeks to mitigate carbon emissions, and the CPPs seek profit maximization. However, as the decisions by each CPP also affect the authority's decisions and the other CPPs, conflicts arise when all stakeholders attempt to achieve an optimal solution based on their own respective optimization targets; therefore, a compromise is necessary to achieve equilibrium between the authority and the CPPs. Initially, based on historical information and its own objectives, the authority decides on an initial carbon emissions allowances allocation scheme, which is sent to the CPPs. Each CPP than formulates its own production plan in line with the allocated carbon emissions allowance, the coal quality requirements, its social responsibility and the market conditions. These CPP plans are then fed back to the authority, which adjusts its initial decisions in consideration of the emissions performance of each CPP, after which an improved allocation plan is sent to the CPPs again. The above process is repeated until all stakeholders reach equilibrium. Therefore, this problem is expressed mathematically as a bi-level programming model, as follows:
Case Study
Case Description
Jiangsu Province, one of the most economically-prosperous areas in China, is located in southeast China. Because of the rapid industrialization and urbanization, the demand for electricity primarily supplied by coal-fired power plants has increased dramatically, leading to a commensurate increase in carbon emissions. Due to the pressure from international bodies and local public opinion, the authority in Jiangsu Province has planned to reduce carbon emissions in the next five-year plan. To reduce the computation burden, only three major CPPs (i.e., the Xiaguan CPP, the Huarun CPP and the Yancheng CPP; the locations for which are shown in Figure 2 ) in Jiangsu Province were chosen in this case study to demonstrate the practicability and efficiency of the proposed method. 
Model Transformation
Based on the actual background and characteristics of the CEAA problem, this paper transforms the multi-objective optimization problem into a single-objective optimization problem by determining a primary objective and treating the secondary objectives as corresponding constraints with appropriate threshold values according to the research of Zeng et al. [41] . As Jiangsu Province is still developing, continued economic development remains the primary objective of the authority. However, under pressure to ensure sustainable development, the environment must also be protected; therefore, the authority transforms the minimization of the total carbon emissions allowance objective into a corresponding environmental constraint. Analogously, to ensure a fair market environment, the authority transforms the objective to maximize free carbon allowance allocation satisfaction into its corresponding constraint. Therefore, Model (16) is transformed into a corresponding single-objective form, as shown in Equation (17):
where λ is the attitude of the authority towards carbon emissions reduction; θ is the minimal allowance satisfactory degree chosen by the authority; and CE is the actual carbon emission amount in the last production cycle. However, the bi-level optimization model is still a non-deterministic polynomial hard problem even in its most simple form. The different levels of the decision makers control or influence the decisions of the others through their own decisions; in other words, equilibrium between the upper and lower levels needs to be achieved through constant stakeholder interaction. Therefore, an interactive algorithm was designed to resolve this complexity. First, a feasible region for the upper level model was built based on the constraints and a feasible solution randomly produced as the initial solution. Then, this initial feasible solution was sent to the lower level and a corresponding solution obtained, which was fed back to the upper level. After receiving the feedback from the lower level, the upper level made corresponding adjustments to obtain an improved solution, which was then sent to the lower level again. This procedure continued to iterate until the termination condition was met. In this paper, the termination condition was set as
This process was accomplished using the following procedure.
Step 1: Randomly generate a set of initial feasible solutions (X 1 i , Y 1 i ) in the feasible zone of the upper level.
Step 2: Solve the lower level problem using the simplex method by inputting X i and Y i into the lower level optimization model.
Step 3: Obtain the optimal solution from Z ij , which is fed back to the upper-level optimization model.
Step 4: Solve the upper level problem using the simplex method, and obtain the improved solution (X i , Y i ).
Step 5: The improved solution is sent to the lower level model again.
Step 6: Repeat Step 3 and Step 4 until the termination condition is reached.
Data Collection
The basic data shown in Table 2 were obtained from the annual reports of the three power plants. Macro data, such as the actual carbon emissions CE from the last production period were taken from the Statistical Yearbook of Jiangsu Province, China, as shown in Table 3 . The uncertain data in the model are described using trapezoidal fuzzy numbers based on fuzzy set theory. These fuzzy data were determined from interviews with experts and engineers, a well as historical data [37] . Therefore, the uncertain parameters in this paper were collected in fuzzy form, as shown in Table 4 . 
Results and Discussion
Results and Sensitivity Analysis
The collected data were input into the proposed model (i.e., Equation (17)) and the solution approach run on MATLAB software, from which the optimal carbon emissions allowance allocation for the authority was determined.
Different Free Carbon Emission Levels
As the authority needs to strengthen the control over the free carbon emissions allocations, a single result is unsatisfactory; therefore, several scenarios are considered. To illustrate the practicality and validity of this method, as a representative situation, Table 5 shows the results of the sensitivity analysis on the free carbon emission levels when θ = 0.5 and λ = 1. In this situation, for fairness, the authority's attitude towards allocation satisfaction, was set at 0.5, and the carbon emissions reduction level was set at one, the most relaxed carbon emissions reduction attitude. It can be seen that in this situation, the authority earns 3.436 × 10 8 RMB when α = 0.82, which is the lowest free emissions level. Figure 3 illustrates the changes to the financial benefits for the authority (i.e., FB), the total carbon emissions (i.e., TC) in the region, each CPP's profits (i.e., EP i ), the allocation satisfaction level (i.e., SD i ), the free emissions allocation allowance (X i ), the taxable emissions allocation allowance (Y i ) and the carbon emissions allowance (X i + Y i ) against changing the free carbon emissions level. The financial benefits for the authority gradually increase, and the profits of each CPP decrease as the free carbon emissions level decreases. Further, to maximize profits, all CPPs strive to obtain a higher market share and finally reach equilibrium, at which point, all CPPs have used all their free carbon emission allowances and are seeking to obtain as high an allowance as possible from the authority. In addition, as the free emissions level decreases, the CPPs have lower free carbon emissions allowances and lower satisfactory degrees. From Figure 3 , it can be seen that the Huarun CPP remained the most profitable CPP under the different free emissions levels and the highest carbon emissions allowance, which included both the free and taxable emissions allowances. In addition, the Yancheng CPP profits were lower than the Xiaguan CPP profits, although they have roughly equivalent carbon emissions quotas. It was concluded that the Yancheng CPP may be detrimental to the sustainable development of the coal-fired power industry in this region. Therefore, suitable free carbon emissions level can achieve both stable economic development and a fair market environment. Table 5 . Sensitivity analysis on free carbon emissions level α when θ = 0.5 and λ = 1. 
Different Carbon Emission Reduction Levels
As the carbon emissions reduction level is an another important factor for carbon emissions mitigation by the authority, several scenarios were again considered under different λ. As a representative example, Table 6 shows the sensitivity analysis results for the carbon emissions reduction levels when θ = 0.5 and α = 0.9 to verify the validity of the model. The carbon emissions allowance cap was divided into free and taxable emissions quotas and the free carbon emissions level set at 0.9. The results in Table 6 show that the authority achieves a minimum of 2.43 × 10 8 RMB when λ = 0.82, which was the lowest carbon emissions reduction level. Figure 4 shows the results for the comparative analysis under different carbon emissions reduction levels. From Figure 4a , it can be seen that both the financial benefits and total carbon emissions decrease as the environmental protection constraints are tightened (i.e., changing λ from one to its lowest level); however, the decrease in the carbon emissions ratio is larger than the decrease in the financial benefits. For example, when λ = 0.94 is compared with λ = 1, the financial benefit ratio decreases by 5.9% and the carbon emissions ratio decreases by 6.4%. Further, the ratios decrease by 6.4% and 6.8% when λ = 0.88 and by 6.8% and 7.3% when λ = 0.82 for the two factors. From this analysis, it was concluded that tightening the environmental protection constraints is more beneficial to sustainable development and that more relaxed environmental protection constraints cause more damage to sustainable development. Similar to the different free carbon emissions level scenarios, to maximize economic profits, each CPP is eager to gain a higher market share and eventually reaches equilibrium. In addition, it is clear that the CPP profits decrease with a decrease in the carbon emissions reduction level. The profits and free emissions allowance at the Huarun CPP are still the highest, and the Yancheng CPP is the lowest under the different carbon emissions reduction levels. 
Different Allocation Satisfaction Levels
A fair market environment is conducive to regional sustainable development. In this paper, a satisfactory degree method is proposed to measure fairness. Similarly, several scenarios were conducted under different allocation satisfaction levels. As an example, Table 7 shows the results of the sensitivity analysis for the allocation satisfaction levels when α = 0.9 and λ = 1, from which it can be seen that the authority achieves a minimum of 2.96066 × 10 8 RMB when θ = 0.8, which is the lowest allocation satisfaction level. Figure 5 illustrates the changes in the financial benefits (i.e., FB) for the authority and each CPP's profits (i.e., EP i ) when the allocation satisfaction level changes. However, as can be seen, the allocation satisfaction does not significantly impact the financial benefits of the authority or the CPP profits. For example, when θ = 0.5, the financial benefits are 2.96112 × 10 8 RMB, and as θ changes to 0.6, the financial benefits are 2.96081 × 10 8 RMB, a decrease of only 0.011%. When θ is set at 0.7 and 0.8, the ratio decreases only slightly by 0.004% and 0.001%. From Figure 5 , similar situations can be seen for each of the CPP profits. Table 7 . Sensitivity analysis on allocation satisfaction level θ when α = 0.9 and λ = 1. 
Discussion
Based on the above results and analysis, the proposed method contributes to research on carbon emissions mitigation in the coal-fired power field and can assist authorities in establishing reasonable carbon emissions allowance allocation policies as the uncertain factors (coal characteristics, emissions factor, coal-power conversion coefficient, carbon emissions factor and procurement costs) are considered. The coal characteristics are uncertain due to the impact of the natural condition and the mining processes, and the uncertain emissions factor depends on the uncertain coal characteristics. The coal-power conversion coefficient and the carbon emissions factor are uncertain because of the uncertain combustion efficiencies. The procurement costs are uncertain because of the impact of price coordination and market fluctuations. At the same time, there are deviations in the collected data; that is, these uncertain parameters are influenced by both subjective and objective factors. There has been significant research conducted in dealing with such uncertainties. For example, Cheng et al. proposed an interval recourse liner programming (IRLP) to mitigate constraint violation problems in resources and environmental systems management (REM) under uncertainties [42] . Huang et al. developed an inexact fuzzy stochastic chance constrained programming (IFSCCP) method to address various uncertainties in evacuation management problems [43] . However, based on the actual background and characteristics of the CEAA problem in this paper, fuzzy theory was employed to fit reality and an expected value operator used to transform the fuzzy variables into corresponding expected values. Through this process, the results of the proposed method are more convincing.
In addition, the proposed method was shown to describe the interactive relationship between the authority and the CPPs effectively and to resolve the conflicts between economic development and environmental protection. Such situations are also found in other carbon emissions mitigation fields. For instance, there are similar interactive relationships between the authority and biomass power plants in the biomass power industry, in which there is also economic development and environmental protection conflicts. To mitigate these carbon emissions, authorities need to apply the appropriate CEAA strategy based on cap and tax mechanisms for biomass power plants, and the biomass power plants should have suitable biomass blending plans to achieve their required profits under the carbon quotas imposed by the authority.
Management Recommendations
Based on the above analysis and discussion, some management recommendations are given. First, for regions that largely depend on CPP-generated electricity, a new cap and tax mechanism should be established to ensure the required environmental protection. Without such a mechanism, CPPs would arbitrarily emit carbon dioxide as they would lack the motivation to improve their emissions performances. Using the proposed methodology, the cap and tax mechanism is able to motivate CPPs to develop low carbon power generation. Further, under carbon emissions allowance allocation constraints, CPPs may be encouraged to improve their clean-energy technologies to decrease operating costs, which could further mitigate carbon emissions and gain higher profits.
Second, the authority can design suitable carbon emissions allowance allocation plans using the proposed method; that is, the authority can select the desired free carbon emissions levels and carbon emissions reductions levels based on the actual situation. Therefore, when using the proposed model, it is recommended that the authorities in developed regions set the lowest free carbon emissions level and the strictest carbon emissions reduction levels to encourage environmentally-friendly power generation. On the other hand, for developing regions, the authority can set relatively loose emissions reduction goals at the start to ensure steady local economic development. They can then continue to tighten the environmental protection parameter to aim for sustainable development.
Conclusions
This paper studied a coal-fired power generation carbon emission allowance allocation problem and proposed a bi-level multi-objective model that considered the mutual coordination and conflicts between an authority and CPPs. Using the proposed method, a carbon emissions allowance allocation with a cap and tax mechanism was established to ensure steady economic development and carbon emissions mitigation. This model has the ability to describe the interactions of all stakeholders whose decisions may affect the sustainable development of a region and therefore can assist them to develop corresponding strategies to adapt to the changes made by the other stakeholders. A case study on a coal-fired power generation system with three main CPPs was employed to illustrate the practicality and efficiency of the proposed method. Sensitivity analyses on free emission levels and carbon emissions reduction levels were also conducted, which could assist authorities to select the most appropriate local development strategy. The analysis and discussion demonstrated that considering both free emissions levels and carbon emissions reduction levels is able to assist in balancing economic development and environmental protection and that a cap and tax mechanism could play a significant role in the environmentally-friendly development of coal-fired power generation systems.
The following further research directions could be taken: (1) integrate technical innovation and management optimization to improve coal-fired power generation systems; (2) examine how the carbon emissions trading mechanism could be integrated with the proposed method.
